In this paper, we introduced an experimental study about a variable gain type PID Control based on neural networks for the speed control of ultrasonic motor. In the proposed method, the neural network controller is employed for tuning the gains in PID controller for speed control in real-time environment. The weights of NN are designed to be updated by a particle swarm optimization algorithm. This method makes it possible to compensate for the characteristic changes and nonlinearity of ultrasonic motor. By using the particle swarm optimization algorithm in the learning of the neural network unit, the proposed method requires no derivative information of the ultrasonic motor's input and output beforehand; hence its application overcomes the problem of Jacobian estimation in the conventional back propagation method of neural networks. The effectiveness of the proposed method is confirmed by experiments of speed control on the servo system of ultrasonic motor.
Introduction
Ultrasonic motor (USM) is a unique kind of motors which employs frictional force generated by high-frequency mechanical vibrations in piezoelectric elements as its drive source. Owing to the driving principle of USM, there are many excellent features such as compactness, low mass, noiselessness, high torque at low speed range, high retention torque, and no electromagnetic noise. Therefore, USMs are expected to be applied as actuators in industrial fields, especially, in the medical and welfare field (1)- (3) . However, there are some difficulties in the control of USM. Firstly, due to the friction driven principle, it is hard to get mathematic model of USM. Although some models have been proposed, there is still no accurate model found for high performance control of USM. Secondly, there are characteristic changes and nonlinearity owing to the friction and the characteristics of piezoelectric materials. To solve the problems in USM control, some intelligent schemes based on neural network (NN) have been proposed in recent years. T. Senjyu et al. proposed a direct NN controller (4) . In the scheme, a threelayer NN controller using back-propagation (BP) method has been proposed. According to experimental study, the effectiveness of the method was confirmed. In the work of K. Tanaka (5) , the researchers proposed an internal model control (IMC)-PID scheme using NN for USM. The method uses the parameter in IMC model as the Jacobian in BP method. However, the Jacobian estimation is a problem we cannot ignore beforehand in practice. Therefore, particle swarm optimization (PSO) has been proposed in resent researches of USM control.
In this paper, an experimental study of speed control based on a variable gain PID using NN combined with PSO is given. NN in the proposed method is introduced as an autotuning unit for PID controller. Comparing with conventional NN with back propagation (BP) method for weight updating, PSO is implemented in the proposed method for constructing an intelligent type PID control method in which the gains can be automatically updated to minimize the error in speed control to obtain better control than conventional fixed gain type PID control. The effectiveness of the method is confirmed by speed control experiments on an USM servo system.
The paper is organized as follows. The USM and the servo system is introduced in Sect. 2. In Sect.3, the variable gain type PID control using PSO type NN is introduced. Section 4 introduces the experimental setup for speed control of USM. The experimental results and discussions are given in the section. The conclusions are introduced in Sect. 5.
Structure of USM Servo System
The structure of USM servo system is shown in Fig. 1 . The encoder, the magnetic brake which offers the load, and the TWUSM to study, are connected on a common axis in the system as shown in Fig. 2 . The position signal fetched by the encoder is transferred to the counter board connected to the PC. The information of the control input calculated from the output and the objective input in the PC is transferred to the driving circuit via the I/O board. The 2-phase control signal will be generated by the driving circuit. In this research, the phase of driving signals in the USM is fixed to 90 [deg], frequency control is applied in the system. There are more specifications of the system shown in Table 1 . The sampling time of the servo system is 1 [ms] . In this study, the range of frequency control is set within the range of 42~46.5 [kHz]. Figure 4 shows the block diagram of PID for USM control. In the scheme, ( ), ( ) and ( ) are the object input, the input and the output, respectively. The error between the object input and the output can be estimated as
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PID control of USM
The PID controller ( −1 ) can be denoted as
where , and are the gains of the PID controller. By tuning the PID gains, the control performance can be adjusted. The control input ( ) which will be generated by the PID controller can be synthesized as
Variable gain type PID using NN
In this study, NN is introduced as the direct intelligent unit to tune the PID controller for the speed control of ultrasonic motor. The proposed NN is a fixed structure in the scheme to tune 3 gains in the PID controller. The learning in NN is designed to be implemented by PSO algorithm. The structure of the proposed scheme is shown in Fig. 5 . The topologic structure of NN is shown in Fig. 6 . The discrete-time signal of Ii(k) = [y(k), y(k-1), y(k-2), u(k-1)] is applied as input in the NN scheme. The variation of PID gains are the output of the scheme. As the activation function, the hyperbolic tangent function shown in Eq. (4) was introduced. 
In the proposed method, PSO is introduced to the learning in NN to obtain proper weights in the real-time process. PSO is a global optimization algorithm discovered through the simulation of a simplified social model (6)- (9) . As introduced in the previous study, Wi(k) means the position of the ith particle in the k step, Wi(k-1) and Wi(k+1) mean the position of the (k-1) step and the (k+1) step, respectively. gbest is the best position of the whole swarm, and pbest is the best position of the particle. Vi(k), which expresses the position variance, is the velocity of the particle at the k step. It is related to the best positions as the dash lines show in the figure. In NN learning, we define the value of weights as the position information contained by N particles. The weights of NN are designed to be updated by an inertia weight approach (IWA) type PSO algorithm expressed in Eq. (4) and Eq.(5). ) (
In Eq.(4), c1 and c2 are two positive constants, r1 and r2 are two random numbers within [0,1]. In Eq.(5), the weight factor which balances the global and local search, is calculated as follows.
episode episode
where episode means the number of current iterations, episodemax presents the max iteration number in the searching. τmax and τmin are the weight factor's maximum and minimum value, respectively. By using the IWA type PSO in the learning of NN, the weights can be updated to minimize the error in the control process. To evaluate the performance of the possible solutions contained by the particles, the fitness of the solutions was designed as
Experimental Study
In the experiments, a group of ramp signals were employed as the objective input to evaluate the control performance of speed control on the servo system. The objective speed was set to 15 [deg/s] and 35[deg/s] for comparison. Figure 7(a) shows the response of the fixed gain PID control method with the gains of KP=5.0, KI=2.0, KD=0.1. The output signal y(t) follows the object input r(t) in the 10 sec control process. The variation of error signal is shown in Fig. 7(b) . It shows that there was some error in the control process. Figure 8(a) shows the response of the proposed PSO-NN type variable gain PID control method. In the response signal, the same level response results were shown. Comparing with the error signal shown in Fig. 6(b) , the error signal of the proposed method shown in Fig. 7(b) gave better performance. The parameter variation in the proposed method is shown in Fig. 9 . Figure 8 Meanwhile, the fitness in PSO algorithm, which is shown in Fig. 8(b) , also leads to the same conclusion as the error signals showed above. In the speed control with the objective input of 35 [deg/s], the control output is shown in Fig. 9 . The response and the error variation are shown in the figures of (a) and (b), respectively. The output of the proposed method is shown in Fig. 11 and Fig. 12. Figure 11 Figure 11(b) shows the error variation, in which we can see that the proposed method is with smaller error than the fixed gain type PID control. However, there were some noise causing some error in the process. The parameter variation in the proposed method is shown in Fig.  12 .
Conclusions
In this paper, a variable gain type PID control scheme is studied for the speed control of USM. In this method, PSO algorithm is applied in NN's learning, and the output of NN is used for tuning the PID controller. The proposed method overcomes the Jacobian estimate problem of conventional BP type NN. The effectiveness of the proposed method is confirmed by experiments using USM servo system.
